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Abstract
QCD jets, produced copiously in heavy-ion collisions at LHC and also at RHIC, serve as probes of the dynamics
of the quark-gluon plasma (QGP). Jet fragmentation in the medium is interesting in its own right and, in order to
extract pertinent information about the QGP, it has to be well understood. We present a brief overview of the physics
involved and argue that jet substructure observables provide new opportunities for understanding the nature of the
modifications.
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1. Introduction
The study of perturbative probes of the quark-gluon
plasma, and QCD jets in particular, is currently in its
golden age with the development of jet reconstruction
techniques for heavy-ion collisions at LHC and RHIC,
see e.g. [1, 2, 3] and these proceedings. These measure-
ments provide in many ways a more rigorous connec-
tion between experimental measurements and theory or
Monte-Carlo studies because of the implicit resumma-
tion of collinear divergences. On the other hand, suc-
cessful jet reconstruction in the extreme environment of
heavy-ion collisions is challenging and comparisons be-
tween models and data should be done with care [4, 5].
Until recently most studies, both experimental and
phenomenological, dealt with jet and di-jet rates as well
as inclusive properties of jets, fragmentation functions
and jet shapes, and measurements of large-angle energy
flow around jets. However, novel measurements of jet
substructures in nuclear collisions [6] have recently in-
vigorated the discussion and opened new possibilities
for measuring and understanding medium modifications
of jets.
The alleys of recent progress can predominantly be
categorised according to two chief aspects of in-medium
jet physics. Firstly, the propagation of a single colour
charge in the medium and, secondly, the generalisation
to multiple charges accounting for possible interference
effects. We will review the former aspects in Sec. 2 and
the latter in Sec. 3. We will also discuss the applica-
tion of the medium modifications on the level of jet sub-
structure measurements in Sec. 4. This discussion is in
no way meant to be exhaustive but will immediately il-
lustrate the importance of whether sub-jets are treated
as independent or coherent. Jet substructure provides
therefore a new handle on the dynamics that can help
pinpoint the microscopic processes underlying the mea-
sured modifications.
The choice of focus here is of course a biased se-
lection, and not all recent progress in the field can be
covered. A very interesting topic which deserves fur-
ther study is the back-reaction of medium dynamics
to the propagation of the jet, see e.g. [48, 8, 9, 10].
While these aspects certainly are important for quanti-
tative comparisons to experimental data, we currently
have not much to say about their qualitative features.
We summarise briefly in Sec. 5.
2. Radiative parton energy loss
A single hard parton traversing a coloured medium
undergo successive elastic interactions which modify
their kinematics, mainly leading to the transverse mo-
mentum broadening 〈k2⊥〉 = qˆL, characterised by the
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parameter qˆ in a medium of length L. The most ef-
ficient energy degradation mechanism is therefore re-
alised through an enhanced rate of splitting. Assuming
multiple soft scattering, the spectrum of induced quanta
with energy ω radiated off a hard gluon is strongly
cut-off at a characteristic energy ωc ≡ qˆL/2 and reads
[11, 12, 13, 14]
ω
dNBDMPS
dω
= α¯

√
ωc
2ω ω < ωc
1
12
(
ωc
ω
)2
ω > ωc
, (1)
where α¯ ≡ 2αsNc/pi. For further details and refine-
ments, see e.g. [15, 16]. The behaviour in the soft
sector is characteristic of the Landau-Pomeranchuk-
Migdal (LPM) interference between scattering centres
and arises because the formation time of the gluon
scales as tf =
√
ω/qˆ. One can also find a compact an-
alytical expression for uncorrelated scatterings, the so-
called “first order in opacity” spectrum [17, 18]; in this
case, the LPM effect suppresses the hard sector.
The parameter ωc determines the energy of gluons
that have been broadened along the whole medium
length and are emitted at the minimal angle (qˆL3)−1/2.
It is also controls the mean energy loss 〈∆E〉 ∼ qˆL2.
These emissions are rare O(αs), though. However, the
energy scale ωs = α¯2ωc determines the regime when
we have to take into account multiple branchings, i.e.∫
ωs
dω dNBDMPS/dω > 1. Since their formation times is
shorter than the medium length, a cascading process
takes place which transports these gluons to large an-
gles, θ > α¯−2(qˆL3)−1/2. When we reconstruct the energy
of the leading parton in a cone, this effect is responsible
for sizeable energy leakage [19, 20, 21, 22].
To get a clearer picture, let us put some numbers
on these equations. For L = 4 fm, qˆ = 1 GeV2/fm
and α¯ = 0.3, we find ωc = 80 GeV and ωs = 7
Gev. For this energy range, the corresponding range
of emission angles, estimated from momentum broad-
ening as θ ∼ √qˆL/ω, yields 0.025 < θBDMPS < 0.28.
For a jet reconstructed in a cone of R = 0.3, this typical
choice of medium parameters indicate that rare and hard
BDMPS emissions populate the in-cone jet distribution
while multiple branching transport energy out-of-cone.
The details of this soft cascade has been studied in quite
some detail and its connection with the physics of ther-
malisation has been highlighted [23]. We will come
back to this insight in Sec. 4.
As a reminder, we note that the soft emissions can
be resummed into a probability distribution, called the
quenching weight (QW), of losing a finite amount of
energy [24, 25, 26]. Taken the form of the spectrum in
the first line of Eq. (1), this distribution becomes
DQW() =
√
ωs
3
exp
[
−piωs

]
, (2)
where a more realistic form can be tabulated [25]. It
can relate the jet spectrum in the presence of a medium
to that in vacuum, dNjet(0)/dp2T , as
dNjet
dp2T
=
∫ ∞
0
d DQW()
dNjet(0)(pT + )
dp2T
. (3)
This allows to calculate the quenching factor QQW(pT )
as the ratio of medium to vacuum spectra.
While the physics of transverse momentum broad-
ening and radiative energy loss has been known for a
while, recently progress has been made toward under-
standing their respective radiative corrections [27, 28,
29]. Usually, one assumes that the interactions with
the medium are quasi-instantaneous (with respect to
the relevant timescales). However, allowing for short-
lived, and thus soft, fluctuations one finds corrections
which can most naturally be recast as corrections to the
medium parameter qˆ. For instance, the first double-
logarithmic correction reads
∆qˆ ' αsNc
2pi
qˆ ln2
L
l0
, (4)
where the shortest timescale l0 is some cut-off scale.
The inclusion of these fluctuations to all orders leads
to a renormalisation equation that accounts for a tower
of fluctuations, ordered in formation time, and takes one
from the value of qˆ(l0), i.e. describing the microscopic
properties of the medium at scale l0, to qˆ(L), which in-
cludes the contribution from additional fluctuations in
the medium. For a large medium, qˆ(L) ∝ Lγ where the
anomalous dimension γ = 2
√
α¯ [28]. This novel rela-
tion affects how both the average transverse momentum
broadening and energy loss scale with the size of the
medium.
3. Interference in multi-gluon processes
The “running” of qˆ is an example of a resummation of
fluctuations in the medium that overlap. In this partic-
ular situation, the fluctuations are strongly ordered and
can easily be resummed. However, one could worry that
in other situations, multiple fluctuations that interfere
which each other would arise and thus ruin the proba-
bilistic picture of independent emissions that underlies
much of the discussion in the previous section. Besides,
as known from jet physics in vacuum, these corrections
give crucial input to Monte-Carlo shower generators of
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the fragmentation process and would serve for the same
purpose for dedicated generators of jets in heavy-ion
collisions.
The two-gluon rate in a dense medium was calculated
in a series of noteworthy works [30, 31, 32, 33]. They
provided an independent confirmation of the double-
logarithmic contributions discussed above. For most
configurations the corrections to the probabilistic pic-
ture were small except whenever the gluon energies
were strongly separated, i.e. one gluon being much
softer than the other. Strikingly, in this case the found
corrections were negative implying a reduced rate. This
can be interpreted as an interference effect owing to the
fact that, from the viewpoint of the shortest-lived fluc-
tuation, the parent parton and the other, relatively long-
lived fluctuation cannot be resolved [31]. Physically this
means that the shortest fluctuation can only be emitted
off the total colour charge and not by each of the legs
independently.
This striking result connects the physics of multiple
medium-induced emission to the physics of jet frag-
mentation and modification in the medium. However,
there are several subtle differences between the two
cases. Firstly, splittings induced by the medium are not
collinear divergent in contrast to vacuum radiation. Sec-
ondly, their formation is similar to their decoherence
time, i.e. the time when a typical medium fluctuation
can resolve it from the parent, see for a discussion on
this point. These timescales can possibly differ a lot for
vacuum radiation and we will come back to two cases
below.
In order to shed more light on these issues, one should
consider the full two-gluon spectrum, differential in
both energies and angles. While the full splitting func-
tion was first calculated in [34] at first order in opacity,
two limits of the spectrum, relevant for jet fragmenta-
tion in medium, were meticulously analysed [35]. For
simplification, one of the gluons was treated as “hard”,
i.e. its transverse momentum is much bigger than the
medium kick, while the other not. Let us spend some
time explaining these limits separately. These are illus-
trated in Fig. 1.
In the first limit, see Fig. 1a, the formation time of
the hard gluon is much longer than the formation time
of the soft one. This is denoted the “collinear limit”
since the hard gluon is emitted very close in angle to the
parent parton. In fact, due to angular ordering the soft
gluon is formally only radiated off the parent parton in
the vacuum.1 Nevertheless, in a large medium the two
1Soft emissions can only be emitted within a cone determined by
the emitter. In the collinear limit, this cone shrinks to zero.
colour sources will ultimately be resolved and permit-
ted to radiate. After this particular time one therefore
finds an additional contribution to the spectrum, namely
that of an emission spectrum off an on-shell colour cur-
rent (Gunion-Bertsch spectrum). The timescale where
the positive contribution to the rate sets in is simply the
formation time of the hard gluon. Hence, the decoher-
ence time is equal to the formation time or, in other
words, the hard gluon gets resolved immediately after
emission.
In the second limit, see Fig. 1b, the formation time
ordering is reversed. This happens whenever the en-
ergy of the soft gluon is small. In this case, the phys-
ical picture is quite intuitive: the parent parton and the
hard gluon form a dipole that interact and radiate in the
medium. In fact, one recovers exactly the spectrum off a
colour charged “antenna” that was initially calculated at
first order in opacity [36, 37] and generalised to multiple
scattering in [38, 39, 40]. In the latter, general situation
the interference effects are controlled by the so-called
decoherence parameter
∆decoh = 1 − e−(L/td)3 , (5)
where we identify the decoherence time td =
[12/(qˆθ2H)]
1/3, where θH is the emission angle of the hard
gluon. For long decoherence times, td > L, the dipole
is not resolved by the medium and radiates medium-
induced radiation coherently as the total colour charge.
Additionally, it can radiate (fragment) vacuum-like ac-
cording to the rules of angular ordering. In the oppo-
site case, td  L, the dipole de-coheres, i.e. both con-
stituents become independent of one another. Note that
in both cases the decoherence time is much larger than
the formation time, tf  td.
Further work is need to understand intermediate
regimes. Nevertheless, to summarise this section, the
effects of colour coherence have been firmly established
by several calculations. This points to a simple organ-
ising principle put forward in [41]. Rewriting the deco-
herence parameter (5) to highlight a characteristic de-
coherence angle θd =
√
12/(qˆL3), one argues that the
medium only can modify jet substructures at large an-
gles θ > θd. The resolved substructures, in particular
the jet core, fragment internally as in the vacuum and
lose energy independently of one another. A signifi-
cant fraction of typical jets in heavy-ion collisions could
remain completely unresolved by the medium however
they are still affected by energy loss effects due to the to-
tal (quark/gluon) colour charge of the jet. Corrections to
this picture also can also account for the gradual erad-
ication of angular ordering of the jet constituents and
/ Nuclear and Particle Physics Proceedings 00 (2018) 1–7 4
τH          ≫     τS        
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ΘS
ΘS≫ΘH    
(a)
τH  ≪       τS      
ΘH ΘS
ΘH ~ ΘS         
(b)
Figure 1: Sketch of the two kinematic limits of the double emission rate calculated in [35]. In both panels the hard
gluon is blue while the soft gluon is red and the blob represents all possible placements of the in-medium exchange.
(a) The collinear limit, left panel: the angle of emission of the hard gluon is very small and its formation time is long
compared to the soft gluon formation time. (b) The soft limit, right panel: in this limit the formation time of the hard
gluon is very short compared to the soft gluon one and the angles of emission of both gluons are comparable. Figures
taken from [35].
lead to an enhancement of soft gluons radiated within
the jet cone [42]. Nevertheless, a complete understand-
ing of how jets form and interact in the medium is still
missing.
4. Jet substructure in medium
In order to gain further insight into the mechanisms at
play, and also encouraged by recent experimental mea-
surements, it is natural to consider jet substructure ob-
servables. A particularly clear procedure, called “Soft-
Drop”2 [44, 45], selects a pair of subjets, starting from
a maximal angular separation at the jet cone size R, that
satisfies the criterion
z > zcutθβ , (6)
where z ≡ min(pT1, pT2)/(pT1 + pT2), pT1(2) is the sub-
jet energy and θ their angular separation. Candidates
that do not satisfy the condition (6) are discarded or
“groomed”. This procedure therefore corresponds to
clustering all jet constituents into an angular ordered
tree and look for the first “hard” branching, according to
(6). It is also worth keeping in mind that the procedure
can be made to terminate at some minimal resolution
angle R0. Typical values chosen for the experimental
analyses are zcut = 0.1, β = 0 and R = 0.4, R0 = 01.
In vacuum, the “hard” branching is inherently sen-
sitive to the fundamental splitting function, which for
gluon-gluon splitting reads Pvac(z, θ) = α¯P(z)/θ where
2Whenever β = 0, SoftDrop is equivalent to the modified Mass-
Drop procedure [43].
P(z) is the relevant Altarelli-Parisi splitting function
(stripped of its colour factor). However, given it’s
collinear divergence ∼ α¯ ln (R/R0) (β = 0) we have
to resum multiple emissions into the relevant Sudakov
form factor. Physically, this means taking into account
all the groomed emissions for R  R0. We can then, for
instance, define the probability to split to two sub-jets
with momentum fraction zg as
p(zg) =
∫ R
0
dθ∆(θ)Pvac(zg, θ)Θcut(zg, θ) , (7)
where R0 → 0 and the step-function in (7) embodies the
condition in Eq. (6), for details see [44, 45, 46]. The
relevant Sudakov reads
∆(θ) = exp
[
−
∫ R
θ
dθ′
∫ 1
0
dzPvac(z, θ′)Θcut(z, θ′)
]
, (8)
and is equivalent to the 1-jet rate, i.e. it is the probabil-
ity of no splittings between the maximal angle R and θ.
Given a resolution angle R0, the probability of finding a
pair that satisfies the SoftDrop condition, aka the two-
pronged probability, is therefore P2prong = 1 − ∆(R0)
[46]. Strikingly, after the resummation the splitting
probability becomes independent of α¯, thus not on the
value of αs nor the colour or flavour of the splitting, and
exhibits the universal 1/z-behaviour at small-z for the
β = 0 case [45].
When considering the medium modifications of this
observable, we are guided by the insight found in the
previous sections that imply an approximate separation
of two types of radiation: multiple, soft on large-angles
and rare, hard emission in the jet cone [46], see also
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[47]. Hence, having to deal with two sub-jets we have
to decide, according to some criterium, whether they
lose energy coherently or independently. Secondly, for
jets with pT = 100 − 200 GeV our back of the enve-
lope estimate shows that hard BDMPS radiation could
be identified by the SoftDrop as actual jet substructures.
The effect should be small O(αs) and care should be
taken when aiming for a quantitative a description of
the data. Nevertheless, let us come back to this exciting
point later and currently focus on the first aspect, sub-jet
coherence.
Due to energy loss effects the probability of the split-
ting is intimately related to the suppression of the spec-
trum itself. In order to simplify the discussion, let us
consider two clearly defined scenarios and review their
consequences, for more details see [46]. In the first sce-
nario the whole jet, and therefore all its sub-jets, is un-
resolved by the medium. In the second scenario all sub-
jets are resolved, thus independent. In order to study
these scenarios we will make use of a probabilistic setup
where energy loss (whether elastic or radiative) can af-
fect any resolved sub-jet.
In the former, “coherent” case none of the inter-jet
splittings are modified but the spectrum is overall sup-
pressed because of energy loss, as given by Eq. (3). This
implies that, in the absence of any other source of radia-
tion, Eq. (7) holds. The proper way of adding a new ra-
diative mechanism, namely in-cone BDMPS emissions,
is on the level of probabilities. Hence, we have to re-
duce the vacuum probability in order to obtain a prop-
erly normalised total probability of radiation. After tak-
ing appropriate care of the angular restrictions (for in-
stance, the introduction of a minimal resolution angle
should further suppress the contribution of vacuum radi-
ation) we should expect an enhancement of the splitting
probability at small-z because of the medium-induced
bremsstrahlung that scales as z−3/2. This enhancement
dies rapidly off with energy ∼ p−1/2T , see Eq. (1). In ef-
fect, the two-pronged probability P2prong should be en-
hanced compared to the vacuum.
Taken at face value, this scenario illustrates that the
SoftDrop procedure presents a unique possibility to
measure directly medium-induced quanta rather than
simply being sensitive to its general consequences, such
as energy loss, etc.
The second scenario sketched above is more compli-
cated. Let us first analyse the effects of energy loss for
vacuum radiation in a limited angular range, R & R0.
The splitting probability is now explicitly convoluted
with the final-state jet spectrum, and reads (β = 0)
dN
dp2T
p(zg) = α¯ ln
R
R0
∫ ∞
0
d
∫ 
0
d′DQW( − ′)DQW(′)
× pT
pT + 
P
(
zg pT + ′
pT + 
)
dN(0)(pT + )
dp2T
Θ(zg − zcut), (9)
for zg < 1/2. This time the splitting function itself is di-
rectly affected by the fact that energy loss of the outgo-
ing legs is independent. This can be seen by expanding
the Altarelli-Parisi splitting function for , ′  pT in
the small-zg region where it reads
P
(
zg pT + ′
pT + 
)
' 1
zg
(
1 − 
′
zg pT
)
. (10)
The characteristic energy-splitting variable can be seen
to shift as zg → zg + zloss, where zloss ∼ ωs/pT from di-
mensional arguments, resulting in a flattening of the zg-
distribution. Furthermore, Eq. (9) contains two quench-
ing weights in contrast to only one in the “coherent”
scenario. This signals for the first time the strong effects
of energy loss when applied to incoherent substructures
within the original jet.
In order to understand how to disentangle the split-
ting probability in Eq. (9), imagine a situation where
most of the quenching the jet as a whole is taken by the
most energetic leg (carrying momentum fraction 1 − zg,
for zg < 1/2). The jet spectrum on the left-hand side
of Eq. (9) is again given by (3). The remaining quench-
ing affects only the soft leg and can now be resummed
into a modified Sudakov form factor that accounts for
energy loss. This resummed quenching effect strongly
suppresses the probability of two-pronged objects com-
pared to the vacuum.
It becomes clear that adding the BDMPS spectrum on
the level of probabilities complicates the situation fur-
ther and it is not our goal here to present a definite an-
swer. We could argue that the strong effects of incoher-
ent energy loss strongly distorts the vacuum spectrum,
thus being hard to reconcile with the trends observed in
experimental data. A more realistic calculation should
provide an interpolation between the two extreme sce-
narios discussed so far. Besides, effects of a soft back-
ground correlated with the jet, e.g. generated by back-
reaction, could influence the interpretation of the result.
Nevertheless, the potentially unique prospect of
a (semi-)direct measurement of the medium-induced
bremsstrahlung and its interplay with jet coherence in
heavy-ion collisions motivate further investigations into
this and related jet substructure observables.
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5. Conclusions & outlook
Jet physics in medium is currently witnessing notable
advances from the theory side and enjoys a well of ex-
cellent experimental data that continues to push for fur-
ther improvements. It is therefore pertinent to under-
stand the process of jet fragmentation in a medium in
great detail. Only then can we claim to extract reliable
information about the properties of the medium.
In many cases, we can however completely neglect
in-cone jet modifications with a suitable adjustment of
medium parameters. Jet substructure measurements are
a door-opener in this context since they demand a treat-
ment of well-defined sub-jets. The guiding insights
come from the analysis of both the fragmentation of soft
medium-induced gluons and the study of interference
effects of hard radiation. These new class of observ-
ables also allow to test and benchmark these insights
against full-fledged Monte Carlo generators for jets in
heavy-ion collisions, e.g. [10, 48]. This promises a very
fruitful synergy in the future.
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